Realizing a fully connected network of quantum processors requires the ability to distribute quantum entanglement. For distant processing nodes, this can be achieved by generating, routing, and capturing spatially entangled itinerant photons. In this work, we demonstrate deterministic generation of such photons using superconducting transmon qubits that are directly coupled to a waveguide. In particular, we generate two-photon N00N states and show that the state and spatial entanglement of the emitted photons can be tuned via the qubit frequencies. Using quadrature amplitude detection, we reconstruct the moments and correlations of the photonic modes and demonstrate state preparation fidelities of 84%. Our results provide a path towards realizing quantum communication and teleportation protocols using non-classical, spatially entangled itinerant photons.
Realizing a fully connected network of quantum processors requires the ability to distribute quantum entanglement. For distant processing nodes, this can be achieved by generating, routing, and capturing spatially entangled itinerant photons. In this work, we demonstrate deterministic generation of such photons using superconducting transmon qubits that are directly coupled to a waveguide. In particular, we generate two-photon N00N states and show that the state and spatial entanglement of the emitted photons can be tuned via the qubit frequencies. Using quadrature amplitude detection, we reconstruct the moments and correlations of the photonic modes and demonstrate state preparation fidelities of 84%. Our results provide a path towards realizing quantum communication and teleportation protocols using non-classical, spatially entangled itinerant photons.
Modular architectures of quantum computing hardware have recently been proposed as an approach to realizing robust large-scale quantum information processing [1] [2] [3] [4] . However, such architectures rely on a means to coherently transfer quantum information between individual, and generally non-local, processing nodes. Spatially entangled itinerant photons can be used to achieve this by efficiently distributing entanglement across a network of spatially separated nodes. Conventional approaches for generating such photons in optical systems typically utilize spontaneous parametric down conversion in conjunction with arrays of beamsplitters [5] and photodetectors for post-selection [6, 7] . However, the stochastic nature of these approaches limit their application to quantum information processing.
Recent progress with superconducting circuits has established a path towards realizing a universal quantum node that is capable of storing, communicating, and processing quantum information [8] [9] [10] [11] [12] . These works typically invoke a cavity quantum electrodynamics (cQED) architecture, where cavities protect qubits from decoherence for high-fidelity control within a node. To link distant nodes, information must propagate along a bus with a continuum (or quasi-continuum) of modes. However, the protection provided by cavities inhibits the rapid release of quantum information as propagating photons. We address this limitation by strongly coupling qubits to a waveguide such that excitations stored in qubits are directly released as itinerant photons in the waveguide. Such a system is described by waveguide quantum electrodynamics (wQED). Entering the strong coupling regime in wQED enables qubits to serve as a high-quality resource of quantum emitters [13] . This property can be used to produce non-classical itinerant photons from classical drives [14] [15] [16] [17] [18] , including those with correlations in amplitude [17] and frequency [18] .
Here, we use the indistinguishability and interference of photons directly emitted into a waveguide to deterministically generate spatially entangled itinerant photons. We generate two-photon N00N states |ψ ph = (|20 − |02 )/ √ 2, where the state |n L n R denotes the number of photons in the left and right propagating modes of the waveguide, respectively. More generally, we show that our device can generate itinerant photons with states of the form |ψ ph = a|20 +b|02 +c|11 , where a, b, and c are complex coefficients that are set by the effective qubit spatial separation ∆x, which is tunable by the qubit frequencies.
The test device consists of three flux-tunable transmon qubits [19] that are capacitively coupled to a common 50 Ω transmission line, as shown in Fig. 1A . The configurations we consider involve two qubits, used as photonic emitters, that are spatially separated by ∆x = 3λ/4 and ∆x = λ/2. Setting the transition frequencies of qubits Q 1 and Q 3 to ω/2π = 4.85 GHz corresponds to a spacing of ∆x = 3λ/4 between emitters. The frequency of the central qubit Q 2 is detuned hundreds of MHz such that it can be ignored. In this configuration, the qubits are coupled to the coplanar waveguide with a coupling strength of γ/2π = 0.53 MHz. Alternatively, to realize a spacing of ∆x = λ/2 between emitters, the frequencies of Q 1 and Q 2 are set to ω/2π = 6.45 GHz, where the qubit-waveguide coupling strength is γ/2π = 0.95 MHz, while detuning Q 3 .
The Hamiltonian of the system is The device consists of three independently flux-tunable transmon qubits that are capacitively coupled to a common waveguide. (B) Schematic diagram of three qubits that are coupled to a common waveguide with equal strength γ. Qubits Q1 and Q3 are initially excited and placed on resonance at ω/2π = 4.85 GHz such that their spatial separation along the waveguide is ∆x = 3λ/4. Qubit Q2 is detuned far away |ω − ω| γ such that it can be ignored and is left in the ground state. The four possible coherent pathways for the photons emitted by the qubits into the left and right travelling modes of the waveguide are shown below. The state of the emitted photons is a two-photon N00N state due to destructive interference between the single-photon pathways |11 . (C) The same setup as (B) except Q1 and Q2 are now placed on resonance ω/2π = 6.45 GHz such that ∆x = λ/2 and Q3 is now detuned far away. The |11 states constructively interfere for this choice of ∆x.
whereâ † k andâ k are the creation and annihilationn operators for photons with wavevector k in the waveguide and σ (j)
x andσ (j) z are the qubit X and Z Pauli operators for the j th qubit. The coupling strength between the qubits and the k th mode of the waveguide is given by g k , x j is the position of the j th qubit, and L, R denote the waveguide propagation direction. The qubits are designed to be equally coupled to the transmission line when placed on resonance with each other.
The two resonant qubits in each spacing configuration are initialized to their excited states while the detuned qubit is left in the ground state. Under these conditions, the final state of the photons emitted by the excited qubits is given by
From Eq. 2, we may verify that |ψ ph is a two-photon N00N state when the spatial separation between qubits is ∆x = λ/4, 3λ/4, ..., (2n + 1)λ/4, where n is an integer. This can be understood by considering the interference between the four possible coherent emission pathways for two excitations to leave the system, shown in Fig. 1B . The emission pathways containing a single photon in both left and right propagating modes destructively interfere, resulting in the entangled state |ψ ph = (|20 − |02 )/ √ 2. In contrast, for spacings ∆x = 0, λ/2, ..., nλ/2 depicted in Fig. 1C , the destruc-tive interference no longer occurs, resulting in a standard (equal) partitioning of the photons into the left and right propagating modes. When the propagation time for photons between the qubits is small relative to the qubit emission times, this system can be simulated for arbitrary initial conditions and spacings using a master equation based input-output theory [20] .
The state preparation and measurement schematic is shown in Fig. 2A . We individually prepare the qubits by detuning them from each other and then applying resonant rf-pulses into the transmission line. Individual qubits can be initialized anywhere on the Bloch sphere α|g + β|e . Here, α and β are complex coefficients determined by the amplitude and phase of the rf-pulse. The qubit state will then get mapped onto the state of the emitted photon, which is given by
We use quadrature amplitude detection of the left and right outputs of the transmission line in order to verify the state of the photons emitted by the qubits. The photons from the device are amplified and downconverted to an intermediate frequency f d using IQ mixing. By preparing a single qubit in the state (|g + |e )/ √ 2 and measuring the emitted photon, we are able to calibrate the gain of the amplification chain [21] . We capture the time dynamics of the emission in Fig. 2B by averaging the voltage amplitudes V I/Q R/L (t) at the output of the IQ mixers over many records. The qubit can also be fully excited to |e , as will be required by the protocol. In this case, the emitted photon has no coherence relative to the vacuum state |00 , and thus the voltage averages to zero as shown in Fig. 2C .
In order to uniquely identify the state and correlations of the photons emitted from two qubits, it is necessary to measure higher-order moments of the fields. To achieve this, time-independent values for the field quadratures of both the left S L = X L + iP L and right S R = X R + iP R emission signals are obtained through digital demodulation and integration of individual records of V I/Q R/L (t). Using repeated measurements of these values, we construct a 4D probability distribution Q(S L , S * L , S R , S * R ) that are used to obtain the moments of S L and S R
We account for the noise added by the amplifiers in the measurement chain by using the input-output relations for a phase-insensitive amplifierŜ [21] [22] [23] , whereâ L(R) is the left (right) output mode of the device,ĥ † L(R) is the noise mode added by the left (right) amplification chain, and G L(R) is the gain of the left (right) amplification chain. The moments of the noise channels ĥw Lĥ †x Lĥ y Rĥ †z R are found by measuring the moments of S L and S R while leaving the output modes of the device in the vacuum state |ψ ph = |00 . We alternate between initializing the qubits in the fully excited |ee and ground |gg states while measuringŜ L(R) every 10µs to obtain the statistics of the emitted photons and the noise. The moments of the fields before amplification â †w Lâ x Lâ †y Râ z R are determined by inverting the amplifier input-output relations (see supplementary info). To minimize the measurement noise, we use a nearly quantum-limited travelling wave parametric amplifier [24] as the first amplifier in the amplification chain.
We first initialize the qubits to |ψ qb = |ege with Q 1 and Q 3 separated by a distance of ∆x = 3λ/4 along the waveguide. In doing so, we generate the twophoton N00N state |ψ ph = (|20 − |02 )/ √ 2 due to the complete destructive quantum interference of the |11 state, given by the phase factors shown in Fig. 1B . This is reminiscent of the final-state stimulation due to bosonic quantum statistics that is observed with identical photons in a Hong-Ou-Mandel experiment [25, 26] . We are able to validate the state of the emitted photons through the moments and correlations between the left and right output modes shown in 3A. We observe â † Lâ L ≈ â † Râ R ≈ 1, since there is one photon per mode on average. We also observe that the two-photon coincidences is â †2
Râ R ≈ 0. These moments are consistent with two photons simultaneously arriving at the same detector rather than a single photon at each. Coherence between the |20 and |02 states is demonstrated via the two photon cross-correlation given by â 2
Lâ †2
We contrast the case of ∆x = 3λ/4 with ∆x = λ/2 to demonstrate that |ψ ph is tunable with ∆x. Here, we use Q 1 and Q 2 and initialize the qubits to |ψ qb = |eeg . Constructive quantum interference of |11 leads to the output state |ψ ph = (|20 + |02 )/2 + |11 / √ 2 (Fig. 1C ). The statistics of |ψ ph are now consistent with the standard partitioning of two classical particles, with each being independently and equally likely to appear in one of the two modes. The moments for this case are shown in Fig. 3B and once again verify the predicted outcome. We obtain â † Lâ L ≈ â † Râ R ≈ 1 as the average number of photons per mode remains unity. However, the two photons will now occupy the same mode only 50% of the time. As a result, two-photon coincidences â †2 Lâ † R ≈ 0.5 demonstrate the appropriate coherences between the |02 , |20 , and |11 states.
To further characterize the state of the emitted photons, we obtain the density matrixρ in the Fock-state basis by applying maximum-likelihood-estimation to the measured moments. The real part ofρ is shown in Fig. 4 , with the magnitude of all values in the imaginary part (not shown) less than 0.037. The N00N state generated with ∆x = 3λ/4 is clearly evident in Fig. 4A with a trace overlap fidelity of T r(ρσ) = 84%, whereσ is the ideal density matrix. We attribute a majority of the infidelity to T 1 decay of the qubits during the state initialization, evidenced by the finite population of |00 inρ. The density matrix for the emitted photons at ∆x = λ/2 is shown in Figure 4B with a state preparation fidelity of 87% and is similarly limited by state initialization. The fidelity of the generated photonic states can be increased with the use of giant atoms [27, 28] , where qubit-waveguide couplings can be tuned in-situ such that the qubits are not subject to waveguide-induced decoherence during initial-ization.
Our results demonstrate that a wQED architecture can be used to generate spatially entangled microwave photons. Our approach is extensible to higher-order photonic states through the addition of qubits, such that more photons are emitted, and the appropriate choices of ∆x to obtain the desired quantum interference. Although current limitations in detector efficiency hinder the ability to measure higher-order moments, and thus verify higher-order photonic states, recent proposals for number-resolved microwave photon detectors [29, 30] can address this issue. We envision an architecture where entanglement is spread throughout a quantum network by using qubit emitters to generate spatially entangled photons that are routed and captured at distant processing nodes. This spatial entanglement can then be applied towards establishing interconnected quantum networks for both quantum communication and distributed quantum computation. The experiments are performed in a Bluefors XLD600 dilution refrigerator, capable of cooling to a base temperature of 10 mK. The sample is placed between two circulators for double-sided input and output. Both inputs are attenuated by 20dB at the 4 K stage, 10dB at the still, and 40dB at the mixing chamber (MXC) to ensure proper thermalization of the line. The samples are magnetically shielded at the MXC by superconducting and Cryoperm-10 shields. To maximize the signal-to-noise ratio of the readout outputs, a Josephson travelling wave parametric amplifier (TWPA) is used as the first amplifier in the measurement chain. The TWPAs are pumped in the forward direction using a directional coupler. The readout signal is filtered with 3 GHz high-pass and 12 GHz low-pass filters. Two additional circulators are placed after the TWPA in the MXC to prevent noise from higher-temperature stages travelling back into the TWPA and the sample. High electron mobility transistor (HEMT) amplifiers are used at 4 K and roomtemperature stages of the measurement chain for further amplification. The signal is then downconverted to an intermediate frequency using an IQ mixer, filtered, digitized, and demodulated with custom FPGA code.
The frequencies of the qubits are controlled with local flux lines. Each flux line has both DC and RF control that are combined and filtered with 300 MHz low-pass filters at the mixing chamber. The RF flux control line is attenuated by 20dB at the 4 K stage and by 10dB at the still. A 1 kΩ resistor is placed in series with the DC voltage source to generate a DC current. Although the chip has individual charge lines for each qubit, all qubit drives and initialization pulses are applied via the central transmission line.
MOMENT INVERSION
We describe an efficient procedure for determining the moments of the field before amplification, â †n Lâ m Lâ †k Râ l R , where n, m, k, l ∈ {0, N } are integers up to a desired moment order N . In our experiment, we consider moments of order up to N = 2. The standard input-output relationship for phase insensitive amplifiers is given bŷ
whereâ L(R) is the left (right) output mode of the device,ĥ † L(R) is the noise mode added by the left (right) amplification chain, and G L(R) is the amplification of the left (right) amplification chain [21] [22] [23] . When the gain of the amplifiers are large (G L(R) 1), as is the case in our setup, Eq. 4 can be simplified tô
Furthermore, we assume that modes of interestâ 
As described in the main text, we use heterodyne detection on the output of the measurement chain to form a 4D probability distribution, Q(S L , S * L , S R , S * R ), from which the moments of S L and S R can be obtained,
The moments of the noise added by the amplifiers ĥn 
We can then relate a to S by a matrix H H H, such that S = H H H a. This matrix will have dimensions (N + 1) 4 × (N + 1) 4 , and be of the form 
The moments in the a can then be solved for by inverting H H H: a = H H H −1 S. Note that the matrix H H H is lower-triangular, and thus the system can be solved efficiently using back-substitution.
